We present what we believe to be a novel approach to simulating the spectral fine structure ͑Ͻ1 nm͒ in measurements of spectrometers such as the Global Ozone Monitoring Experiment (GOME). GOME measures the Earth's radiance spectra and daily solar irradiance spectra from which a reflectivity spectrum is commonly extracted. The high-frequency structures contained in such a spectrum are, apart from atmospheric absorption, caused by Raman scattering and by a shift between the solar irradiance and the Earth's radiance spectrum. Normally, an a priori high-resolution solar spectrum is used to simulate these structures. We present an alternative method in which all the required information on the solar spectrum is retrieved from the GOME measurements. We investigate two approaches for the spectral range of 390-400 nm. First, a solar spectrum is reconstructed on a fine spectral grid from the GOME solar measurement. This approach leads to undersampling errors of up to 0.5% in the modeling of the Earth's radiance spectra. Second, a combination of the solar measurement and one of the Earth's radiance measurement is used to retrieve a solar spectrum. This approach effectively removes the undersampling error and results in residuals close to the GOME measurement noise of 0.1%.
Introduction
In 1995, the European Space Agency launched the Global Ozone Monitoring Experiment [1] [2] [3] (GOME) on the second European Remote Sensing satellite (ERS-2) in a Sun-synchronized near-polar orbit. Its goal was to determine the concentration of several trace gases in the Earth's atmosphere with a global coverage over a three-day period. GOME measures the radiation backscattered by the Earth in the ultraviolet and visible part of the electromagnetic spectrum, i.e., 240 -790 nm, with a spectral resolution of approximately 0.17-0.35 nm and a spectral sampling distance of 0.11-0.22 nm (Ref. 4) . It scanned the Earth across the satellite flight track with a spatial sampling of approximately 320 km ϫ 40 km at the ground. Each day, a solar spectrum was measured as well.
Many atmospheric trace gases have absorption bands in the GOME spectral range. These bands are associated with electronic transitions in combination with the vibrational splitting of the energy levels of the molecules of these trace gases. The detailed spectral fine structure in the absorption features can be used to retrieve atmospheric trace gas abundances. For example, the vertically integrated amount of ozone can be determined from the spectral features in the Huggins absorption bands 5 ͑325-335 nm͒. The vertical distribution of ozone can be retrieved in the range of 290-320 nm, where an accurate simulation of the fine spectral structures of the measurements is needed to obtain all the information on the vertical ozone distribution present in the measurement. 6 Information is also present on the total amount of nitrogen dioxide 7, 8 ͑405-465 nm͒, sulfur dioxide 9 ͑315-330 nm), and bromine oxide 10 ͑340-360 nm). Furthermore, the depth of the Ca II Fraunhofer lines at 393 and 397 nm in the earthshine spectrum provide information on cloud-top pressure and oceanic chlorophyll content 11 attributable to the filling in of these lines by inelastic Raman scattering. This effect is also known as the Ring effect (see, e.g., Refs. 11-18). To achieve the retrieval requirements, the GOME instrument was designed in such a way that the fine structures in the earthshine spectra can be measured with high accuracy. Because the wavelength calibration of GOME is better than 0.05 nm, 2,4 the measurements of the fine structures in the spectrum are expected to be mainly limited by the measurement noise. Therefore a proper interpretation of the GOME measurements is possible using models only with high accuracy on the spectrally fine structures.
A common approach for the interpretation of GOME measurements is to determine a reflectivity spectrum, which is the ratio of a GOME Earth radiance and a solar irradiance spectrum. The advantage of the reflectivity spectrum is that it reduces many calibration errors because many of them affect the solar and earthshine measurements in the same way. However, the reflectivity approach suffers from two main difficulties. First, a shift exists between the solar and the earthshine spectrum, which makes it necessary to resample the solar measurement on the spectral sampling points of the earthshine measurement before the reflectivity spectrum can be determined. Spectral interpolation schemes are commonly used for this purpose, which introduce interpolation errors in the reflectivity spectrum. Second, the simulations of the Ring effect in reflectivity spectra require a solar spectrum on a spectral grid that is finer than that of the measurement. Large uncertainties exist with respect to this solar spectrum (e.g., Refs. 19 -21) , which result in biases in the modeled spectra.
To achieve better modeling of reflectivity spectra, Chance and Spurr 14 presented an improved version of the high-resolution solar spectrum of Kurucz. 22 This spectrum was used to improve the Ring effect correction spectra that are fitted along in many trace gas retrievals, with additional fit parameters such as an amplitude and a spectral shift. Moreover, Chance et al. 23 used the same solar spectrum to estimate an interpolation error for typical GOME reflectivity spectra. This interpolation error correction is fitted to the measured spectra in a similar way as the Ring effect correction is fitted.
In this paper we present what we believe to be a new approach that does not suffer from interpolation errors and does not rely on a priori knowledge of the solar spectrum. The fitting of correction spectra is no longer required in our approach. To achieve this, we first retrieve a solar irradiance spectrum on a fine spectral grid from the GOME solar irradiance measurements. The retrieved solar spectrum allows an accurate treatment of the Ring effect in the case of low-frequency calibration errors in the spectra. Furthermore, the solar spectrum retrieved on a fine spectral grid can be sampled on any desired (coarser) wavelength grid. As a result, the simulation suffers only from the undersampling error of the GOME solar spectrum, and any additional errors due to the interpolation can be avoided. The undersampling error can be minimized further when the solar spectrum is retrieved from a GOME solar irradiance spectrum and additionally a GOME Earth radiance spectrum. We demonstrate our approach for the range of 390-400 nm, where two prominent Fraunhofer lines, i.e., the Ca II K and H lines are present.
Here, the measurement simulation for this wavelength range is not complicated by atmospheric absorption features.
The paper is organized as follows: In Section 2, we discuss the simulations of GOME earthshine and solar measurements. In Section 3, the GOME reflectivity spectrum and the related interpolation error are considered. In Section 4, we introduce a retrieval approach for a solar spectrum from GOME solar irradiance measurements. We demonstrate that such a spectrum improves the simulation of GOME Earth radiance spectra. Deviations can be attributed mainly to the undersampling error of GOME. In Section 5, a combination of a solar irradiance spectrum and an Earth radiance spectrum is used to further improve the retrieval of a solar spectrum. In turn, this approach reduces the undersampling error in the Earth radiance measurement simulations. We present our conclusion in Section 6.
GOME Measurements
The GOME instrument measures Earth radiance spectra in a Sun-synchronized orbit in a nadir viewing mode. Once per day (every fourteenth orbit) GOME measures a solar irradiance spectrum. The solar measurement is observed with the same spectral resolution but is slightly shifted in wavelength with respect to the earthshine measurements, as was mentioned in Section 1. This spectral shift can be partially explained by a Doppler shift. 24 Because of the orientation of the satellite's velocity with respect to the nadir viewing geometry of GOME, there is almost no Doppler shift for the Earth radiance measurements. On the contrary, the direct solar measurement is carried out when the ERS-2 satellite crosses the terminator in the North Polar region coming from the night side. 21 Because the ERS-2 satellite is in a Sun-synchronized orbit, GOME always moves with the same speed toward the Sun, i.e., 6.9 km s Ϫ1 , during the solar measurement. This corresponds to a Doppler shift of the calibrated solar spectrum of ϩ0.009 nm at 395 nm. We found the shift between the solar spectrum wavelength grid and the earthshine wavelength grid increasing from 0.011 to 0.013 nm in the wavelength range of 390-400 nm for a typical measurement. The difference between the observed shift and the theoretical Doppler shift might be explained by issues with the standard wavelength calibration of GOME. 4 Instrumental effects such as detector temperature effects and the ellipticity of the Earth's orbit might also play a role. 23 The earthshine radiance I pix that is measured by a certain detector pixel depends linearly on the solar spectrum F 0 and can be written as
where we assume that the solar spectrum F 0 is a continuous function of wavelength . The integral kernel k ear describes the transport of the unpolarized solar radiation through both the Earth's atmosphere and the GOME spectrometer.
The atmospheric contribution can be summarized by the 4D reflectivity vector r. Its application to the solar spectrum provides the radiation illuminating the GOME entrance slit. This is described by the intensity vector I, which has the four Stokes parameters I, Q, U, and V as its components, and thus
Here, the reflectivity r includes the effect of elastic scattering and inelastic Raman scattering in the Earth's atmosphere that corresponds to a mapping of solar radiation from a wavelength Ј to a wavelength . In this paper we have used the vector radiative transfer model of Landgraf et al. 17 in which a GaussSeidel iteration technique is used to solve the vector radiative transfer equation. 6 This model has proven to be highly efficient for optically thin atmospheres. 6, 25 The radiative transfer perturbation theory is employed by treating inelastic rotational Raman scattering as a perturbation to elastic Rayleigh scattering. One order of Raman scattering is included. Van Deelen et al. 18 have shown that this approximation overestimates the filling in with at most 0.6% at the center of the Ca II lines, compared to a computationally expensive multiple Raman scattering calculation.
For an appropriate description of the GOME earthshine measurements we also have to account both for the polarization sensitivity of the instrument and for the averaging of the measurements over the instrument's field-of-view during a scan. For GOME, the radiance illuminating the detector device depends on the degree of polarization of the incoming radiation. The polarization sensitivity arises from the interaction of radiation with the different optical devices of the instrument. This dependence can be described by the scalar product
where the vector m ϭ ͑m 1 , m 2 , m 3 , m 4 ͒ contains the corresponding elements of the instrument Mueller matrix. 26 Presuming that the measurement to be simulated is the radiometrically calibrated, polarizationsensitive measurement, the elements of vector m have to be normalized to its first component, 27 i.e.,
The GOME instrument has a different sensitivity for radiation polarized parallelly and perpendicularly to the instrument's optical plane. The sensitivity for radiation linearly polarized in a plane rotated by ϩ45°a nd Ϫ45°with respect to the optical plane is assumed to be the same. Furthermore, we assume that GOME is not sensitive to circularly polarized radiation. This means that the elements m 3 and m 4 are zero. The ratio m 2 ͞m 1 was determined during the preflight calibration of GOME. Next, the averaging over the instrument's field-of-view can be expressed by an integration over the scan angle between the boundaries 1 and 2 , resulting in the expression
Finally, we have to consider the spectral smoothing of the instrument including the spectral sampling by the detector array. This can be described by a twofold convolution of the intensity spectrum Ī det with an instrument slit function f and a sampling function g, viz.,
Here, the sampling and slit function may vary between the different detector pixels of the instrument. For many purposes it is convenient to combine the slit function f and the sampling function g to an instrument response function s:
which simplifies the notation of Eq. (6) to
The rationale for introducing the instrument response function is that it can be determined by using standard spectroscopic techniques, whereas the separate characterization of the slit and the sampling functions is extremely difficult. Therefore only the instrument response function was measured for GOME during the on-ground calibration phase. For the spectral range we are interested in ͑390-400 nm͒ it is given by 1
with constants a ϭ 0.6568, b ϭ 0.12 nm, and a normalization constant c. Here, pix is the wavelength belonging to the center of the detector pixel. The measurement of the solar spectrum can be described in a similar way, where we assume that the solar radiation can be approximated by a collimated parallel beam of unpolarized radiation directly illuminating the entrance slit of GOME. Thus the solar measurement F pix can be described similar to Eq. (1), but with an integral kernel k sun , viz.,
Here the kernel k sun includes only the spectral smoothing and sampling of the instrument and thus is given by the instrument response function s in Eq. (9). However, as was explained earlier, the wavelengths pix for the solar measurement belonging to the center of the individual detector pixels are shifted with respect to those of the earthshine measurement.
In practice, for any measurement simulation the continuous solar spectrum F 0 is provided on a finite wavelength grid. For all simulations we use a solar spectrum that is given on a 1 cm Ϫ1 wavenumber grid. This is particularly useful in the simulation of the Earth radiance spectra, because each Raman transition is associated with a fixed shift in wavenumber, but a variable shift in wavelength. 18 Furthermore, the spectral grid is fine enough to approximate the integration in Eqs. (1) and (10) sufficiently. Figure 1 shows a typical kernel k ear and k sun on this spectral grid. It shows that the measurement of the earthshine spectrum for one particular detector pixel involves extra smoothing because of rotational Raman scattering. The sidelobes are the result of convolving the distribution of inelastically scattered radiation with the instrument response function. This extra smoothing is responsible for the filling in of the Fraunhofer lines in an earthshine spectrum.
GOME Reflectivity Spectrum
The GOME Earth radiance and solar measurement are subject to a radiometric bias of several percent. This bias originates not only from errors in the preflight instrument calibration but also from the continuous degradation of the GOME instrument in space. 2 For this reason, one commonly considers GOME reflectivity spectra. Since reflectivity spectra are the ratio of the GOME Earth radiance and solar measurements, calibration errors that are present in both spectra cancel out, and, consequently, the effect of radiometric biases on the data interpretation is reduced. To use this approach, however, the solar spectrum needs to be resampled on the spectral sampling points of the earthshine spectrum. Commonly this is achieved by means of an interpolation scheme, which introduces errors in the reflectivity spectrum.
To demonstrate these interpolation errors we consider a linear interpolation scheme and study the introduced error on the reflectivity spectrum for the GOME sampling scenario and additionally two improved sampling scenarios. We start with a simulation of a GOME solar spectrum utilizing an instrument response function that is composed of a Gaussian slit function with a FWHM of 0.17 nm and a boxcar sample function with a detector pixel width of ⌬ ϭ 0.12 nm [see Eq. (7)]. Here, the solar and earthshine sampling grids have been adopted from a typical GOME solar and earthshine measurement. We use the solar spectrum on a 1 cm Ϫ1 grid of Chance and Spurr 14 for the simulation. First, a GOME solar spectrum is simulated on the solar sampling grid. Then this spectrum is interpolated on the Earth wavelength grid. This interpolated solar spectrum is used to determine a reflectivity spectrum. Second, we determine a reflectivity spectrum that includes a solar spectrum directly sampled on the earthshine grid. The difference between the two reflectivity spectra yields the interpolation error of GOME. Figure 2 shows that for the GOME sampling this error reaches values up to 3.4% (the rms is 0.9%) in the spectral range of 390-400 nm. In the next step, we increase the sampling by factors of 2 and 3 without changing the spectral smoothing. Even in the case in which the solar spectrum is well sampled, an interpolation error of up to 1.6% (the rms is 0.5%) remains on the spectrum. Although the interpolation error can be slightly reduced by using other interpolation schemes, e.g., Fig. 2 . Interpolation error due to linear interpolation of the GOME solar spectrum onto the earthshine wavelength grid for (a) 1ϫ, (b) 2ϫ, and (c) 3ϫ the sampling of GOME. the maximum value is decreased to 1.5% (the rms is 0.4%) for a cubic spline interpolation, clearly an interpolation approach does not provide the optimal technique for resampling the solar spectrum. It does not make maximum use of the information present in the GOME measurements.
An additional problem of the reflectivity concept is caused by rotational Raman scattering in the Earth's atmosphere. In general the simulation of a reflectivity spectrum does not rely on a solar spectrum. However, because of the effect of inelastic Raman scattering in the Earth's atmosphere the reflectivity spectrum is superimposed by a so-called Ring spectrum. This spectrum describes the effect of the filling in of solar Fraunhofer lines (and absorption features attributable to atmospheric trace gases) on the reflectivity spectrum. Because of that, the simulation of a GOME reflectivity spectrum depends on knowledge of the solar spectrum on a spectral grid that is finer than the spectral sampling of GOME. However, large uncertainties exist with respect to the solar spectrum, 19 -21 which introduces additional errors in the GOME measurement simulation. Figure 3 shows differences of up to 9% in the reflectivity spectrum using two different solar spectra as model input.
Both the interpolation error and the errors in the simulation of the Ring effect, can be reduced significantly when a solar spectrum is retrieved on a fine spectral grid from GOME observations, which is subsequently used for the simulation of GOME Earth radiance measurements. This technique is described in Section 4.
Retrieval of a Solar Spectrum on a Fine Spectral Grid from the Solar Measurement
In this section we describe the GOME measurements of the Earth radiance and the solar irradiance spectrum by the vectors y ear and y sun , respectively. Both vectors have dimension M and cover the same spectral range of 390-400 nm. Each element of these vectors describes the measurement of one particular detector pixel and can be simulated by using Eqs. (1) and (10) . Furthermore, the continuous solar spectrum F 0 is described by a vector x of dimension N, which belongs to a discretization of the solar spectrum on a 1 cm Ϫ1 wavenumber grid. The forward simulation of GOME earthshine and solar measurements can be described by the linear equations
where the M ϫ N dimensional kernel matrices K ear and K sun are matrix representations of the corresponding integral kernels k ear and k sun in Eqs. (1) and (10) . The M-dimensional vectors e ear and e sun contain the measurement error of the Earth radiance and solar irradiance spectrum, respectively. In this section we discuss a retrieval scheme to determine the solar spectrum x from the GOME solar measurements. The retrieved solar spectrum should not be seen as a GOME data product, but as an auxiliary product to enhance the accuracy of GOME Earth radiance simulations, which will be demonstrated at the end of this section.
A. Inversion Scheme
The retrieval of the solar spectrum x from the GOME solar irradiance spectrum y sun involves the inversion of Eq. (12). This presents an underdetermined problem because the number of measurements M is smaller than the number of parameters N to be retrieved. To gain insight into the inversion of Eq. (12) we consider the singular value decomposition (SVD) of the kernel matrix K, viz.,
For simplicity, the subscript "sun" is omitted in this subsection. In Eq. (13), U is a M ϫ N matrix with orthonormal columns ͑u 1 , . . . , u M ͒ spanning the measurement space, V is a N ϫ N matrix with orthonormal columns ͑v 1 , . . . , v N ͒ spanning the state space, and ⌺ is a diagonal matrix containing the singular values ͑ 1 , . . . , N ͒. The underdetermination of the inversion problem is expressed by the fact that the singular values ͑ Mϩ1 , . . . , N ͒ are zero. Therefore the estimate of the inversion needs to be written as a truncated sum:
The part of the solar spectrum that is described by the vectors v Mϩ1 , . . . , v N cannot be retrieved. The vector space spanned by these vectors is referred to as the null space of the problem, whereas the vectors v 1 , . . . , v M describe the row space of the retrieval. The solution of Eq. (14) is also known as the solution of minimum length (see, e.g., Ref. 28) and can be written as
which is useful for any numerical implementation. For GOME measurements x est is strongly affected by the measurement error e sun in Eq. (12) . This is caused by those terms in Eq. (14) that belong to small singular values. Here the noise on the measurement y gets amplified and therefore has a significant contribution to x est . However, owing to the spectral smoothing that is part of the forward model of the Earth radiance spectrum in Eq. (12), these error contributions are smoothed out and thus have only a minor effect on the corresponding simulations of an Earth radiance spectrum. The minimum length solution in Eq. (14) obviously does not contain information about the solar spectrum in the null-space components. Since the null-space components describe the fine spectral structures of the solar spectrum, the retrieved solar spectrum is a smooth version of the high-resolution solar spectrum. This smoothing is expressed by the so-called averaging kernel A of the retrieval. 29 For the minimum length solution the averaging kernel is given by
Thus the relation between the true solar spectrum and the retrieved spectrum is
Here, e x is the error on the retrieved solar spectrum.
The averaging kernel A represents the projection of the state vector onto the row space (i.e., the nonnull space) of the inversion problem. On the other hand, ͑1 Ϫ A͒ represents the projection onto the null space, where 1 is the identity matrix. Figure 4 shows the null-space component and the row-space component of a solar spectrum retrieved from a simulated GOME solar measurement. Here we used the solar spectrum of Chance and Spurr 14 as the true high-resolution solar spectrum x true . The figure shows that the null-space part ͑1 Ϫ A͒x true represents a significant component of the true solar spectrum. The rms of the null-space component, related to the mean solar spectrum, is 23.4%. By definition, this null-space part is mapped to zero in the forward simulation of the GOME solar irradiance spectrum.
B. Undersampling Error
If the solar spectrum is well sampled, the null-space contribution is mapped to zero for any sampling of the slit-averaged spectrum. This is also true for a sampling of the Earth radiance spectrum, which is subject to a similar but slightly stronger spectral smoothing (see Fig. 1 ). However, it is known that the spectral sampling of GOME is too coarse, which results in a model bias for the simulation of the Earth's radiance spectra of GOME. This error is called the undersampling error of GOME and has to be distinguished from the interpolation error described in Section 3. We studied the GOME undersampling error in more detail for the three sampling scenarios of Section 3 (see Fig. 2 ). We started with a simulation of a GOME solar spectrum assuming the instrument response function from Section 3. Again, the high-resolution solar spectrum of Chance and Spurr 14 was used for the simulation of the measured solar spectrum. Next, we retrieved a solar spectrum on the 1 cm Ϫ1 grid from this simulated measurement. The retrieved solar spectrum was subsequently used to simulate an Earth radiance spectrum that is sampled on a shifted wavelength grid belonging to a typical GOME earthshine measurement. The difference between this spectrum modeled with the retrieved solar spectrum and the spectrum modeled with the original high-resolution solar spectrum represents the undersampling error.
This error is depicted in the upper panel of Fig. 5 and ranges from 0% to 0.5% (the root-mean-square is 0.2%). Analogous to Fig. 2 we increase the sampling in the next step with factors of 2 and 3 without chang- ing the spectral smoothing. Figure 5 shows that increasing the sampling of GOME with a factor of 2 results in an undersampling error that is insignificantly small. For three times the sampling of GOME the undersampling error vanishes (not shown). This confirms the result of Chance et al. 23 The comparison of Figs. 5 and 2 also shows that the use of the retrieved solar spectrum results in an error in the measurement simulations that is smaller than the one that was introduced by a linear interpolation of the GOME solar spectrum. The errors shown in Fig. 5 represent a lower error limit on the Earth radiance spectrum.
The perspective on the sampling problem chosen here is motivated by the retrieval problem of the solar spectrum. The classical Fourier analysis of the problem 23 provides an analogous description, but for this analysis both the slit function and the sampling function in Eq. (7) need to be known separately. In general, this is not the case for GOME-type spectrometers, which makes our approach particularly useful for the analysis of measurements by this type of spectrometer. Another advantage is that uneven sampling in wavelength space can be taken into account in an uncomplicated way.
C. Simulation of GOME Earthshine Measurements
To demonstrate the use of the retrieved solar spectrum x for an accurate simulation of GOME Earth radiance spectra, we consider the measurements of two GOME orbits. The first orbit (ERS-2 orbit number 80702165) went over North America and the Pacific Ocean on 2 July 1998; the second orbit (ERS-2 orbit number 81003031) went over Eastern Asia and the Indian Ocean on 10 October 1998. We retrieved a solar spectrum on a 1 cm Ϫ1 grid from the direct solar measurements belonging to both orbits. Subsequently, those two spectra were used to simulate the GOME earthshine spectra in the 390-400 nm range. We restricted our study to cloud-free observations and moderate solar zenith angles, i.e., Ͻ70°. The data were selected by using a cloud filter that was based on measurements by the polarization measurement devices of GOME. 30 Furthermore, we determined a wavelengthdependent Lambertian surface albedo from the GOME earthshine measurements by using a nonlinear leastsquares fitting procedure. The albedo was assumed to be linearly dependent on wavelength for the selected spectral range. This approach also accounted for the presence of aerosols in the observed scene. In addition, a wavelength shift ⌬ between the earthshine and solar spectrum was fitted in the instrument response function in Eq. (9) to compensate for a possible erroneous wavelength calibration of GOME. Temperature and pressure profiles were adopted from the UK MetOffice database for the observed scene.
The mean residual for the earthshine measurements over land is shown in Fig. 6 , as a function of detector pixel. The Earth radiance noise is low, in the range of 390-400 nm, and ranges from 0.05% to 0.2% at the center of the Ca II Fraunhofer lines. The rms of the noise is approximately 0.08%. We see that the high-frequency features in the mean residual are similar to the undersampling error in Fig. 5 . Here, the differences could be explained by (1) differences between the reference high-resolution solar spectrum used in Fig. 5 and the real high-resolution solar spectrum, (2) calibration errors that affect the Earth and solar measurements in a different way, and (3) possible errors in the Earth radiance forward model, which could be instrumental (e.g., incorrect instrument response function) or atmospheric (e.g., incorrect treatment of Raman scattering).
The fact that the mean residuals for both orbits are similar and that their spread is of the same order as the measurement noise confirms that the undersampling error is very stable along the orbit, at different dates, and at different locations. 23, 24 This is directly related to the shift between the solar irradiance spectrum and the Earth radiance spectrum, which does not change significantly within one orbit. Moreover, the wavelengths assigned to each detector pixel show no significant variation for the Earth radiance measurements.
Retrieval of a Solar Spectrum on a Fine Spectral Grid from the Combination of an Earthshine and a Solar Measurement
To reduce the undersampling error discussed in Section 4, we present a retrieval scheme to determine a solar spectrum from the combination of a solar irradiance and an Earth radiance measurement. This combination allows a significant reduction of the undersampling error for two reasons: First, the shift between the solar wavelength grid and the Earth wavelength grid makes the solar irradiance measurement and the Earth radiance measurement two Fig. 6 . Mean residual for the earthshine measurements over land in the two selected GOME orbits [(a) 25 earthshine spectra in 80702165, (b) 121 earthshine spectra in 81003031], using the reconstructed solar spectrum on a 1 cm Ϫ1 grid from the GOME solar measurement. The light gray area corresponds to the mean residual Ϯ1 standard deviation. The earthshine wavelengths of earthshine measurement 967 in orbit 80702165 were assigned to the detector pixels.
differently sampled representations of the same underlying high-resolution solar spectrum. Second, the Earth and solar wavelength grids are very stable (Subsection 4.C).
The inversion scheme described in Subsection 4.A can be adopted in a straightforward way to retrieve a solar spectrum x on a fine spectral grid from the combination of Eqs. (11) and (12) 
Here the number of measurements is increased from M to 2M, which results in the 2M dimensional measurement vector y ϭ ͑y ear , y sun ͒ T with the corresponding error vector e y ϭ ͑e ear , e sun ͒ T . Furthermore, the kernel matrix K ϭ ͑K ear , K sun ͒ T is a 2M ϫ N matrix. Apart from the effect of the atmosphere on the Earth radiance spectrum, the additional measurement components result in an effectively increased sampling of the incident solar spectrum and in turn reduces the undersampling problem.
To obtain the solar spectrum from the combination of both measurements, we again employ the minimum length solution in Eq. (15) . Owing to the use of both measurements, the rms of the null-space component decreases significantly from 23.4% to 20.1%, and thus the row-space component contains more spectral fine structure. This improvement arises mainly from the two different samplings of the solar and earthshine spectra. Here atmospheric effects such as the extra smoothing attributable to Raman scattering (see Fig. 1 ) are less important.
When applying this approach, it is important that the unknown atmospheric and surface parameters that affect the earthshine spectrum be retrieved simultaneously with the solar spectrum. Other geophysical parameters have to be assumed a priori. To fulfill this condition as well as possible, we select an Earth radiance spectrum of a clear sky scene over land (by making use of the cloud filter in Ref. 30), i.e., a measurement that is not affected by clouds or underwater scattering in the ocean. For such a scene we consider the surface albedo and its linear dependence on wavelength as the only unknown geophysical parameters. Additionally, we include a wavelength shift ⌬ in the instrument response function in Eq. (9) as an additional fit parameter to correct for a possible wavelength calibration error.
To demonstrate that the undersampling problem of GOME can be significantly reduced by this approach, we combined the Earth radiance spectrum number 967 in GOME orbit 80702165 and the Earth radiance spectrum number 800 in GOME orbit 81003031 with the corresponding solar spectra. Then, in the same way as described in Subsection 4.C, the retrieved solar spectra were used to model the remaining Earth radiance spectra of all clear sky measurements over land of both orbits.
The mean residuals for the two orbits are shown in Fig. 7 . Many of the features related to the undersampling error disappear. The remaining mean residuals can be explained by the fact that the minimum length solution in Eq. (14) fits the solar and earthshine measurement including its noise. Thus the retrieved solar spectrum is biased by the particular noise pattern of the GOME earthshine and solar measurements that are used in the retrieval. However, biases that differ for the measurements of the considered orbit may also result in such a spectral bias. The standard deviation of the mean residual (depicted in light gray) does not differ significantly from the one using our first approach (see Fig. 6 ).
In both approaches, the retrieved values for the shift ⌬ were very small, i.e., Ϫ1.86 ϫ 10 Ϫ3 to ϩ1.01 ϫ 10 Ϫ3 nm with a retrieval error of approximately 1 ϫ 10 Ϫ5 nm. The residuals did not improve significantly by adding ⌬ to the state vector, and thus one could decide to leave out this relative shift. In other words, the wavelength calibration of GOME is accurate enough as it is to achieve modeling of the Earth radiance spectra close to the noise level for the range of 390-400 nm with our method. For other spectral ranges with absorption features of atmospheric trace gases, the relative shift ⌬ might be of more importance owing to a difference in the wavelength calibration of GOME and of the absorption cross sections of the relevant trace gases.
Thus, so far only the residuals for the measurements over land have been shown. This is because our forward model does account for vector radiative transfer in an atmosphere bounded below by a Lambertian surface, but does not include underwater light scattering in the ocean. When we apply our model to cloud-free measurements over the ocean we obtain the mean residual shown in Fig. 8 . Here, the solar spectrum is the same as that used in Fig. 7 . The undersampling error is removed, but at the Ca II Fraunhofer lines almost 3% of the filling in is missing. This bias can be attributed to vibrational Raman scattering in liquid water in the ocean. 31 Joiner et al. 11 presented a model that included inelastic scattering by the ocean and showed that the extra filling in was reduced when chlorophyll was present. This was used to retrieve the chlorophyll content from the GOME measurements for cloud-free ocean scenes. Our method could be used to improve this type of retrieval that makes use of the exact shape of the Fraunhofer lines in an Earth radiance spectrum.
Conclusion
We have presented what we believe to be a new method that allows accurate modeling of spectral fine-structure in GOME measurements without any a priori knowledge of the solar spectrum. We have presented two approaches. In our first approach, a solar spectrum was retrieved from the measured solar spectrum only. In contrast to previous work, 23 our approach does not require separate knowledge of the sample and slit function; only the instrument response function needs to be known. This function is much easier to characterize than its two separate components. For the GOME instrument only the instrument response function was measured during the on-ground calibration of the spectrometer. Furthermore, uneven sampling distances are easily included in our approach. The retrieved solar spectrum resulted in undersampling errors up to 0.5% in the modeled Earth radiance spectra, which is in good agreement with simulated undersampling errors.
To reduce this undersampling error, we presented a second approach in which a solar spectrum is determined from a combination of the measured solar irradiance spectrum and one Earth radiance spectrum per GOME orbit (or per day). The shift between the two spectra of approximately 0.01 nm helps to effectively increase the sampling. The residuals can be brought down to the measurement noise level of approximately 0.1%.
Our approach to simulate GOME measurements is similar to the reflectivity concept that is commonly used in this context. Calibration errors that are shared by both the Earth and the solar measurement end up in the retrieved solar spectrum, whereas in the reflectivity concept these calibration errors cancel out in the ratio of both measurements. The advantage of our approach is that it avoids any errors attributable to interpolating the measured solar spectrum onto the earthshine wavelength grid. Another important advantage is that the retrieved solar spectrum allows one to simulate the Ring effect accurately. This makes separate correction spectra such as a Ring correction spectrum and an interpolation error correction obsolete. As a result, a high degree of accuracy can be reached in the modeling of GOME Earth radiance spectra and in particular in the modeling of the Ring effect, which was not possible previously with the available solar spectra on a fine spectral grid.
Although this study focused on the simulation of GOME measurements, the presented approach can be adopted in a straightforward manner to simulate measurements of related spaceborne instruments such as the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography 32 launched on Envisat in 2002, the Ozone Monitoring Instrument on the Earth Observing System Aura launched in 2004, and the three GOME-2 instruments to be launched on the MetOp platform of the European Space Agency and the European Organisation for the Exploitation of Meteorological Satellites. Fig. 8 . Mean residual for 142 earthshine measurements over the ocean in orbit 80702165, using the retrieved solar spectrum from the combination of the solar measurement and one earthshine measurement over land. The light gray area corresponds to the mean residual Ϯ1 standard deviation.
